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Bufalin induces DNA damage response under
hypoxic condition in myeloma cells
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Abstract. Hypoxia serves a crucial role in the development
of drug resistance in various cancer cells. Therefore, many
attempts targeting hypoxia are underway to overcome the
drug resistance mediated by hypoxia. This strategy is useful
for multiple myeloma (MM) cells, as MM cells reside within
the bone marrow, where oxygen concentrations are relatively
low. A natural compound library was screened to identify
compounds exerting cytotoxicity in MM cells under hypoxic
conditions. Bufalin exhibited marked cytotoxicity to MM
cells under normoxic and hypoxic conditions. No significant
toxicity was observed in lymphocytes obtained from healthy
donors. Under normoxic conditions, bufalin induced a DNA
double strand break (DSB) response, ROS induction and
apoptosis within 24 with a rapid response compared with
melphalan. Interestingly, the bufalin-induced DSB response
was not impaired by low oxygen concentrations while the DSB
response by melphalan was reduced. Furthermore, treatment
with bufalin abolished HIF-lo expression under hypoxia,
suggesting that bufalin exerts cytotoxicity under hypoxia by
regulating HIF-1a.. These results indicate that bufalin induces
apoptosis in MM cells through DSB under hypoxic conditions
by inhibiting HIF-1a, suggesting that bufalin could be useful
for eradication of drug-resistant MM cells in the hypoxic
microenvironment.

Introduction

Multiple myeloma (MM) is a hematological tumor of plasma
cells that shows characteristic expansion of tumor cells within
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the bone marrow. Since the microenvironment within bone
marrow is unique in terms of cytokine production and its interac-
tion with various cells including MM cells, these environments
can influence the survival and drug resistance of MM cells (1-3).
In particular, oxygen concentration in the microenvironment is
one of the greatest factors controlling survival of MM cells (4).

Oxygen plays an important role for MM cells by influencing
the sensitivity to chemotherapeutic reagents. Previous studies
showed that the sensitivity of MM cells to melphalan is reduced
by hypoxia (5). Similar findings with other chemotherapeutic
drugs have also been reported in various solid tumors (6-9).
Therefore, these data suggest the existence of universal
mechanisms by which oxygen concentration can regulate drug
sensitivity. Notably, it is well known that oxygen concentration
is extremely low in bone marrow, where MM cells survive and
grow, and that drug-resistant MM cells can be generated within
bone marrow, thus contributing to recurrence of the disease.
Therefore, manipulation of hypoxia-induced drug resistance
should be essential to improve survival of MM patients.

In this study, we searched for chemical compounds with
the ability to kill myeloma cells under hypoxic conditions. We
performed drug screening using a natural compound library
and identified bufalin, a component of a Chinese medicine
(Chan Su). We also analyzed the molecular mechanisms
underlying the cytotoxicity of bufalin to MM cells under
hypoxic conditions which has not been reported.

Materials and methods

Screening of compounds. A natural compound library
consisting of 258 compounds was obtained from the Institute
of Natural Medicine, Toyama University (Toyama, Japan).
Each compound was supplemented to myeloma cell lines at
a concentration of 10 M and treated cells were cultured for
5 days under 1% oxygen concentration using a hypoxic culture
chamber (Astec, Fukuoka, Japan).

Cell lines and cell culture. Two human myeloma cell lines,
KMSI12PE (10) and U266 (11) were utilized. Cells were
cultured in RPMI-1640 medium supplemented with 10% fetal
calf serum at 37°C with humidified air. Human peripheral
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Figure 1. Induction of drug resistance for melphalan and lenalidomide under hypoxia conditions. (A) KMSI2PE cells and (B) U266 cells were incubated with
melphalan or lenalidomide for 72 h under normoxic or hypoxic conditions. Cytotoxicity was quantified by WST8 assay and LD50 was calculated. Open bars:
Normoxia. Solid bars: Hypoxia. A significant increase of LD50 was observed by exposure of cells to hypoxia.

blood mononuclear cells (PMBCs) were obtained from a
healthy volunteer and purified by Ficoll density gradation.

Cytotoxic and apoptosis assays. Cytotoxicity of the compounds
was analyzed by Cell Counting Kit-8 (Dohjin Chemicals,
Kumamoto, Japan) or trypan blue dye exclusion assay according
to the manufacturer's protocol. The MEBCYTO Apoptosis kit
was used to detect apoptosis by flow cytometry using FACS Verse
(BD Biosciences, Franklin Lakes, NJ, USA) according to the
manufacturer's protocol. Melphalan and lenalidomide were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA) and Sigma-Aldrich; Merck KGaA, (Darmstadt,
Germany), respectively. A pan-caspase inhibitor, ZVAD-fmk
(Medical and Biological Laboratories, Nagoya, Japan), was
utilized in some experiment at a concentration of 32 nM.

Detection of reactive oxygen species (ROS). Production of
ROS was analyzed using CellROX flow cytometry assay kits
(Thermo Fisher Scientific, Yokohama, JAPAN) and FACS
Verse according to the manufacturer's protocols.

Western blotting. Cell lysates were obtained by lysing cells
with M-PER mammalian protein extraction reagent (Thermo
Fisher Scientific, Inc., Yokohama, Japan) supplemented with
phosphatase inhibitor cocktail and protease inhibitor cocktail
(Nacalai Tesque, Kyoto, Japan). Antibodies for PARP, y-H2A.X
and HIF-1a were purchased from Cell Signaling Technology,
Inc. (Tokyo, Japan).

Statistical analysis. Statistical analysis between two groups
was performed by Student's t-test. For multiple group compari-
sons, one-way or two-way ANOVA was performed. The data
were analyzed statistically by using GraphPad Prism software
(GraphPad Software, Inc., La Jolla, CA, USA) and P<0.05 was
considered to indicate a statistically significant difference.

Results

To confirm that myeloma cells show drug resistance under
hypoxic conditions, we treated myeloma cells with melphalan
and lenalidomide under normoxic or hypoxic conditions
(Fig. 1). The LD50 values of melphalan in both KMS12PE
and U266 cells under normoxic conditions were 3.0 and
1.8 M and those of lenalidomide were 12.6 and 4.9 uM,
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Figure 2. Representative results of cytotoxicity analysis for MM cells in
response to various chemical compounds at 5 xM under both normoxic
and hypoxic conditions. Cells were treated under normoxic (open bars) or
hypoxic conditions (solid bars) for 24 h. Bufalin (‘compound no. 5) showed
the highest cytotoxic ability at both normoxic and hypoxic conditions while
all other compounds showed reduction in cell death at hypoxic condition.
MM, multiple myeloma.

respectively. Notably, the LD50 values of these reagents
were elevated at hypoxic conditions. The LD50 values of
melphalan in KMS12PE and U266 cells under hypoxic
conditions were 6.7 and 9.9 uM, respectively, and the LD50
values of lenalidomide in KMSI2PE and U266 cells were
above 40 uM. Together these data indicate that myeloma
cells showed drug resistance for these two reagents under low
concentrations of oxygen.

We next screened 258 compounds in a natural compound
library under hypoxic conditions in KMSI12PE and U266 cells
and found that 8 compounds induced significant cell death
of more than 50% of the whole cell population. We analyzed
cytotoxicity of each of these compounds in KMSI12PE cells
under both normoxic and hypoxic conditions and found that
bufalin exerted high cytotoxicity at both conditions (compound
no. 5 in Fig. 2) while other compounds showed reduction in
cell death at hypoxic condition.

We thus further analyzed bufalin as a potential candidate
that retains cytotoxicity regardless of oxygen concentration.
A myeloma cell line, KMSI2PE, was treated by bufalin at
various concentrations either under normoxic or hypoxic
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Figure 3. Cytotoxic effect of bufalin in MM cells either at (A) normoxic or (B) hypoxic conditions. KMS12PE cells were incubated with various concentrations
of bufalin for 24 h. Cytotoxicity was evaluated by using cell counting kit (solid column) at 31.25, 62.5, 125, 250, 500 and 1,000 nM of bufalin. Bufalin induced
cytotoxicity at dose dependent manner either at normoxic and hypoxic conditions. There were no statistical differences in cytotoxicity regardless oxygen
concentration (P=0.9757, analyzed by two-way ANOVA). MM, multiple myeloma.

conditions. As shown in Fig. 3, bufalin induced significant
cytotoxicity below micro-molar levels independent of oxygen
concentrations.

To elucidate whether bufalin shows toxicity to freshly
isolated cells, MM cells obtained from patient bone marrow
and PBMCs obtained from healthy volunteer were cultured
and treated with bufalin. The results showed that bufalin
induced significant cell death to primary MM cells, while it
did not induce cell death in PBMCs as much as those observed
in primary MM cells (P<0.0001, analyzed by two-way Anova)
(Fig. 4). Together this suggests that bufalin may not show
toxicity to non-malignant cells.

To further characterize the cytotoxicity by bufalin, we
performed Annexin V/PI analysis of KMSI2PE cells treated
with 32 nM bufalin for 24 h either at normoxic or hypoxic
conditions. Bufalin induced both early and late phase apop-
tosis and this increase in apoptosis was reduced by treatment
with a caspase inhibitor (Fig. 5). These results indicate that
the cytotoxicity induced by bufalin involves apoptosis medi-
ated by caspase activation either in normoxic and hypoxic
conditions.

As ROS is an inducer of apoptosis, we next analyzed
the production of ROS in response to bufalin treatment. We
observed a significant induction of ROS with bufalin treat-
ment, and this induction was partially inhibited by N-acetyl
cysteine (Fig. 6). This finding indicates that ROS production
may be one of the contributors for the cytotoxic effects of
bufalin.

Since several reports previously showed that bufalin
induces DNA double strand breaks (DSBs) (12-14), we
analyzed y-H2AX induction, which is a hallmark of the DSB
response. As shown in Fig. 7A, bufalin induced y-H2AX in
myeloma cells in a time-dependent manner under normoxic
conditions. We also examined DSB induction under hypoxia
conditions, and found induction of y-H2AX by bufalin as
found at normoxia (Fig. 7B). However, induction of y-H2AX

by melphalan at normoxia was found at fewer amounts and
delayed as compared to bufalin. Moreover, melphalan-induced
v-H2AX even impaired at hypoxic conditions compared
with normoxic conditions. Because melphalan did not show
anti-tumor effect not earlier than 24 h, western blot analysis
at earlier occasions is not shown. Cleavage of PARP was also
observed in response to bufalin treatment regardless of oxygen
concentration, while melphalan-inducing PARP cleavage was
inhibited at hypoxic conditions (Fig. 7A and B).

Since HIF-1a is induced and considered to contribute drug
resistance in hypoxia, we evaluated whether bufalin modulates
HIF-1a under hypoxic conditions. Interestingly, treatment of
myeloma cells with bufalin at 16 nM for 24 h significantly
inhibited the expression of HIF-1la in hypoxic conditions
(Fig. 8), suggesting that the cytotoxic effect of bufalin under
hypoxia may involve the reduction of HIF-1a.

Discussion

Oxygen concentration plays a crucial role in the survival of
cancer cells. Low oxygen concentration induces expression of
numerous genes regulated by HIF-1a, a master transcriptional
factor under hypoxic conditions. One of the features mediated
by hypoxia is acquisition of drug resistance. Previous reports
demonstrated acquisition of drug resistance by hypoxia in
various types of cancer cells (4,7-9,15). Mechanisms regulating
drug resistance under hypoxia have been described, involving
microRNAs (16), the multi-drug resistant (MDR) gene (15,17)
or the autophagy pathway (18). Modulating these pathways is
thought to re-sensitize tumor cells to anti-cancer reagents.
Previous studies have examined the correlation between
hypoxia and cancer stem cells other than drug resis-
tance (19). Hypoxic conditions can transform tumor cells
to cancer stem cells and are required for the maintenance
of cancer stem cells (20-22). Targeting cancer stem cells
should be important to eradicate tumor cells. We previously
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Figure 4. Cytotoxic effect of bufalin in primary myeloma cells (dotted line) and PBMCs from a healthy donor (solid line) under normoxic conditions. Cells
were incubated with the indicated concentration of bufalin at 15.625, 31.25, 62.5, 125, 250, 500 and 1,000 nM for 24 h and cytotoxicity was evaluated by cell
counting kit. Freshly isolated myeloma cells showed marked cytotoxicity by bufalin at dose dependent manner (“P<0.0001 compared to bufalin 0 nM, analyzed
by one-way ANOVA and Bonferroni multiple comparison test) while viability of PBMCs was retained more than 60%, suggesting PBMC is less susceptible to
bufalin than MM cells (P<0.0001, analyzed by two-way ANOVA and Bonferroni multiple comparison test). PBMC, peripheral blood mononuclear cell; MM,

multiple myeloma.
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Figure 5. Induction of apoptosis in KMS12PE cells treated with bufalin either under normoxic or hypoxic conditions. KMS12PE cells were treated with bufalin
alone or in combination with a pan-caspase inhibitor (ZVAD) for 24 h under normoxic or hypoxic conditions and apoptosis was evaluated by Annexin V/PI
staining. (A) Representative results from flow cytometry analyses. (B) Graphical presentation of the Annexin V-positive population calculated from flow
cytometry results in (A). Apoptosis, induced by bufalin, was inhibited by caspase-inhibitor at both normoxic and hypoxic conditions (P<0.001, analyzed by

one-way ANOVA and Bonferroni multiple comparison test).

reported that hypoxic conditions transform myeloma cells to
an immature phenotype, suggesting that myeloma stem cells
may adapt to hypoxic conditions (23). Because melphalan
and lenalidomide showed reduced efficacy at hypoxic condi-
tions as shown in this report, our results suggest that these
treatments may not retain the ability to target myeloma stem
cells, although we did not perform confirmatory experiments
using myeloma stem cells this time. Recently, Sun et al,
reported that bufalin inhibits stemness and overcome drug
resistance of colon cancer cells (24). This finding enforces
our results and warrants usage of bufalin to exterminate
myeloma stem cells.

We found, for the first time, that bufalin induced the DSB
response in MM cells independent of oxygen concentrations.
Although DSB response mediated by bufalin at normoxic
condition has scarcely been reported in solid tumors, especially
interacting to topoisomerase II (12-14), the function of bufalin
under hypoxic conditions has not been fully elucidated. Only
two previous reports described a correlation between bufalin
and hypoxia in colon, cervical and hepatocellular carcinoma
cells, and these studies suggested that reduction of HIF-1 could
be involved in the cytotoxicity induced by bufalin (25,26).
Interestingly, we found a decrease of HIF-la in response to
treatment with bufalin under hypoxic conditions in MM cells.
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Figure 7. Induction of PARP cleavage and y-H2AX by bufalin or melphalan. Western blot analysis of KMSI12PE cells treated with either bufalin (8 nM) or
melphalan (5 xuM) for indicated periods of time under (A) normoxia or (B) hypoxia. At normoxic condition, PARP was cleaved by the treatment with bufalin as
early as 6 h while it was observed at 72 h when treated by melphalan. Earlier induction of y-H2AX was observed according to cleavage of PARP at normoxic
condition by bufalin compared to melphalan (A). These phenomena were not affected at hypoxic condition in bufalin-treated cells while these were reduced

in melphalan-treated cells (B).

As a growing body of evidence has shown a central role of
hypoxia in the acquisition of drug resistance, targeting HIF-1a
is now considered to be an important approach to overcome
drug resistance (27,28). Indeed, targeting HIF-1a sensitizes
myeloma cells to chemotherapeutic agents and reduces the
number of myeloma stem cells (5,29). Our finding of HIF-1a
inhibition by bufalin should contribute to the development
of a HIF-la targeted strategy for treatment of MM. The
demonstrated cytotoxicity by bufalin regardless of oxygen
concentration enforces the significance of bufalin in the
treatment of cancers survive within hypoxic niche other than
myeloma. However, we did not evaluated ubiquitination or
degradation of HIF-1 by the treatment with bufalin at this time.
Regulatory effect of bufalin in expression of HIF-1 remains to
be elucidated.

Adverse events, especially cardiotoxicity (30), caused by
bufalin is an important issue when using this reagent at clinical
setting. However, the concentration inducing cardiotoxicity
was estimated as 1 mM which was significantly higher than
those exerting anti-tumor effect presented in this manuscript,

HIF-la |

Actin

Figure 8. Bufalin inhibited expression of HIF-la under hypoxia. KMS12PE
cells were treated with or without bufalin under hypoxic conditions for 24 h.
HIF-1a expression was analyzed by western blot analysis.

suggesting clinical usage of bufalin might spare cardiotoxicity.
Indeed, there have been several reports showing in vivo find-
ings (31,32). Given the low working concentration of bufalin,
as low as nano-molar levels, the achievement of an effective
concentration of bufalin should be possible. Successful in vivo
treatment of an osteosarcoma-bearing mouse by bufalin
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suggests its future usage in the clinical setting (33). In addition,
our findings demonstrating the low toxicity of bufalin in normal
PBMCs implies a low toxicity profile for normal tissues.
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